Abstract-The properties of large grain cuprous oxide (Cu 2 O) foils are explored after the implementation of a controlled postgrowth annealing process. P-type foils with a wide range of carrier density are demonstrated, enabling a promising processing window for wide bandgap solar cell devices. Hall measurements at room temperature show increased majority carrier concentration after nitrogen annealing and a reduction in mobility. The progressive change in resistivity with annealing temperature is shown, with values approaching 100 Ω·cm. Carrier recombination, measured by microwave photoconductance decay, shows a discrete change upon annealing.
ties have been a major contribution to the underperformance of this material system.
Recent progress in the performance of Cu 2 O photovoltaic devices has come from investigations into material pairing and interface properties. Lee et al. , studied the use of amorphous zinc-tin oxide (ZTO) [5] and Ga 2 O 3 [3] as buffer layers between the absorbing Cu 2 O and aluminum-zinc oxide (Al:ZnO). The studies achieved efficiencies of 2.65 and 3.97%, respectively, due to improvements in conduction band alignment and, thus, the open-circuit voltage (V OC ). Low external quantum efficiency in the long-wavelength range was attributed to short drift and diffusion lengths within the absorber region for the a-ZTObased cells. Therefore, an enhancement of the minority carrier lifetime and/or mobility in Cu 2 O could lead to an improvement in short-circuit current (J SC ) toward the theoretical entitlement. Furthermore, significant contributions to fill factor losses were attributed in both cases to high resistivity in both the absorber and buffer layers.
With these insights in mind, it is evident that an increased knowledge of the bulk Cu 2 O material is needed. This paper focuses on intrinsic defects, as deviations in stoichiometry have a major effect on the electrical properties of compound semiconducting oxides like Cu 2 O [6] . Cu 2 O layers used in state-of-theart devices have relatively low carrier densities in the absence of extrinsic dopants. Concentrations in these devices range from 10 13 to 10 14 cm −3 for electrodeposited and thermally oxidized specimens alike [5] [6] [7] . By utilizing the thermodynamics of formation of these defects, it should be possible to control the electrical properties of Cu 2 O and engineer material of lower resistivity suitable for improved fill factors in Cu 2 O solar cells.
Theoretical and experimental studies have been performed in the past to determine the nature of these defects. Ab-initio theoretical approaches using density functional theory (DFT) calculations have shown that P-type conductivity is predominantly driven by the concentration of Cu vacancies in Cu 2 O [8], [9] . Calculated formation enthalpies of this vacancy suggest that the concentration can be controlled by processing conditions including O 2 partial pressure and temperature. This allows prediction of the hole concentration as a function of temperature and oxygen partial pressure. The goal of this communication is to experimentally explore these predictions.
II. EXPERIMENTAL METHODS

A. Growth Process
Large grain Cu 2 O samples were grown by thermal oxidation of copper foil. 100-μm-thick foils of 99.95% purity (metals 2156-3381 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
basis) were purchased from Goodfellow, Inc. Samples of 100-mm 2 area are suspended from a quartz boat with platinum wire to minimize surface contact during high-temperature processing steps. The desired specimen size and suspension holes were created via laser cutting of copper foil feedstock.
The oxidation process was carried out in a horizontal quartz tube furnace at atmospheric pressure. Surface and bulk phase compositions are achieved with a controlled set of processing parameters. Our samples are brought to an oxidation temperature of 1040°C at 15°C/min in a nitrogen atmosphere at a flow rate of 944 standard cubic centimeter per minute (SCCM). By the manufacturer's (Airgas Inc.) standards, the 99.999% purity nitrogen source used in this step and in all steps hereafter involving a 760-torr N 2 ambient corresponds to an O 2 partial pressure below 10 −3 torr. After the stabilization of the hot zone temperature, an oxygen-rich atmosphere is introduced using an argon/oxygen mixture (152-torr O 2 partial pressure) at a flow rate of 47 SCCM. The oxidation of the copper foils occurs for 40 min under these conditions. An additional 120-min anneal in an N 2 ambient is applied to mitigate observed surface inhomogeneities.
B. Postoxidation Nitrogen Annealing Process
A vertical quartz tube furnace capable of achieving rapid hightemperature quenching is utilized to freeze-in defect properties acquired at desired thermal conditions. During the annealing process, the specimens are directly contacted solely by platinum hooks to minimize surface contact. Room temperature deionized water is used as a quenching bath for this study.
Different regimes of intrinsic defect formation are probed through a systematic variation of anneal temperature in a fixed 760-torr ambient of N 2 (< 10 −3 torr O 2 ), supplied at a rate of 944 SCCM. Samples are brought to an anneal temperature (T anneal ) at a rate of 10°C/min to avoid structural deformation that might occur at larger ramp rates. Full time-temperature profiles of both annealing processes are depicted in Fig. 1 .
The quench process began with the removal of the lower flange from the tube furnace. To prevent diffusion of the laboratory atmosphere into the furnace and subsequent surface CuO formation during flange removal, the N 2 flow rate was increased to 4720 SCCM. The time taken for samples to leave the anneal conditions and enter the quench bath is less than 0.5 s.
An investigation into the change of electrical properties with annealing time was performed. The anneal time for samples at selected T anneal values are thus varied with all other conditions remaining unchanged. A stabilization of the resulting electrical properties as a function of anneal time is observed. This duration can be considered as the time needed for electrically active defect concentrations to fully respond to the annealing conditions.
C. Characterization Methods
Bulk phase composition is analyzed through a combination of three complimentary techniques: Symmetric X-ray diffraction (XRD), Laue diffraction, and Nomarski interference contrast imaging (NIC). XRD shows crystalline phases present in the material, whereas Laue diffraction was used to survey a large-scale structure. NIC methods subsequently give a qualitative measure for phase homogeneity within these domains. XRD measurements were performed with a Philips Norelko PW1729 X-ray diffractometer with a Cu Kα X-ray source. Measurements were corrected for background by direct comparison with the signal obtained by the sapphire substrate and Kapton adhesive tape used to mount the foil samples. The attribution of each peak to a set of crystal planes is deduced by a comparison of the observed d-spacing to those established in the International Centre for Diffraction Data database.
Grain structure properties in the samples were probed via Laue diffraction. The identity of visible mm size grains in all samples was called into question by the presence of smaller grain-like structures that are visible under 50× magnification. This method was used to identify the larger structures as grain boundaries or as stress fractures. Samples were mounted onto soda lime glass substrates and analyzed again by a Philips Norelko PW1729 X-ray diffractometer with a variable wavelength X-ray source of 1-mm spot size. An order of magnitude measurement of the grain size is obtained by systematic variation of the sample position by increments of 1 mm between measurements. Discrete changes in Laue image patterns correspond to a measurement of two separate grains. Observing the translational distance over which the pattern changes gives an estimate of the grain size in the material. Features resolved by this method also allow for the determination of intergrain behavior and extent of crystallinity, as well as provide insight into the internal stress of the materials.
A qualitative measure of phase homogeneity was obtained via NIC. The samples were illuminated from below in an optical microscope using an Olympus MPlan 5X Nomarski lens. Inhomogeneities in dielectric constant are detected via changes in contrast of the resulting image.
We verify surface phase purity using X-ray photoelectron spectroscopy (XPS). Using the same methods as Lee et al. [10] , we characterize the surface of our samples and compare the presence of different Cu-2p binding states. There is no evidence of charging from the adventitious C 1s peak. The characterization depth of this technique is determined by a photoelectron escape depth of 30Å (inferred from the NIST IMFP database for an electron kinetic energy of 554 eV in Cu 2 O). The amount of CuO on the surface is deduced from the ratio of the Cu 2+ to Cu 1+ peak intensities which both appear in the Cu-2p core spectra. Two methods are used to determine electrical properties. Resistivity values obtained via room temperature four-point conductivity measurements were used to gauge defect migration transients in the kinetics study. Hall measurements have been carried out in the van der Pauw (VDP) configuration in order to determine the resistivity, carrier density, and mobility of each Cu 2 O foil subject to the secondary anneal. Electron beam evaporation was utilized to deposit Ohmic Au contacts (1-mm 2 area, 300-nm thickness) onto each corner of our 10-mm 2 square samples. Hall samples were affixed to soda lime glass substrates with Crystalbond mounting wax in order to avoid breaking the fragile free-standing foils. Measurements were taken under dark conditions.
An effective recombination lifetime is measured using microwave photoconductive decay (μ-PCD) in reflective mode using a 630-nm optical excitation source. The excitation area consisted of roughly half the samples' surface focused on the sample center. Two curve fitting was applied as two exponential decay rates were apparent in each sample. Further information regarding this characterization technique is described elsewhere [11] .
Cu 2 O is known to exhibit persistent photoconductivity (PPC). This phenomenon involves the trapping of carriers and subsequent release over a longer period of time. PCC can be observed with time scales reaching the order of several days at room temperature unless re-equilibrated in the dark at elevated temperatures (∼ 130°C) for tens of minutes [6] . All electrical and optical characterization was performed after exposure to ambi- Fig. 3 . Electrical resistivity as a function of annealing time for 300, 500, and 900°C. It is shown that the latter two annealing temperatures allow electrically active defects to reach an equilibrium in under 100 min, while a 300°C anneal does not seem to have left a transient regime. By inclusion, we deduce that temperatures between 500 and 900°C reach equilibrium before 100 min.
ent light without dark re-equilibration, as the illuminated state is more relevant to solar cell applications.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Growth Process
XRD analysis shows that crystalline Cu 2 O was obtained. The detection of only the (2 1 1) peak in Fig. 2 and its low intensity are attributed to the sampling of only a few highly diffracting crystals oriented in the diffraction plane. This is supported by Laue diffraction imaging, which showed sharp diffraction patterns indicative of crystallites with lateral dimension ∼1 mm. Fig. 2 also illustrates that characteristic peaks of other thermodynamically stable phases of the Cu-O system were not observed. No contrast variation was observed in the NIC images of this sample, indicating uniform phase consistent with XRD.
XPS of the as-grown sample showed two oxidation states of copper suggesting the presence of primarily Cu 2 O with a minor presence of CuO. The ratio of CuO/Cu 2 O observed in XPS for a sample after just the primary anneal was typically less than 0.2, from which we estimate CuO surface coverage to be less than 20%.
The carrier concentration measured for a typical sample is (1.2 ± 0.001) × 10 12 cm −3 with a measured Hall mobility of (98.9 ± 1) cm 2 /V·s. These values imply a resistivity of (5.4 ± 0.02) × 10 4 Ω·cm. The error for carrier density and resistivity is dominated by the uncertainty in thickness, while the error in mobility is dominated by the variation between the two Hall channels used in the measurement. p-type conductivity is observed in all samples.
B. Resistivity Versus Annealing Time
Resistivity as a function of anneal time in a nitrogen ambient is shown in Fig. 3 . The trends in resistivity reveal that the electrical properties become invariant within 15 min of reaching T anneal for all temperatures except for 300°C. We conclude from this behavior that a 15-min anneal is sufficient to achieve equilibrium conditions for T anneal ≥ 500°C.
The surfaces of foils annealed at temperatures ranging from 300 to 600°C exhibit visible signs of copper-colored patches of various numbers and sizes. Traces of these artifacts dissipate with longer anneal times. After an annealing time of 5 h, the phenomenon is no longer detectable under 50× optical magnification or by XPS measurements. All results that follow are thus obtained from a secondary set of samples subjected to the full time-temperature profile that is shown in Fig. 1 , with a secondary annealing time of 300 min. Because an annealing time of 300 min appears to remain insufficient for equilibrium values to be reached for the T anneal value of 300°C, this condition is excluded from the remainder of the study. Fig. 2 shows normalized XRD intensity patterns for samples annealed at each T anneal value. Peaks that can be attributed to Cu 2 O are present within all samples subject to the secondary anneal. The variation in observed (hkl) reflections observed from samples annealed at different temperatures is due to the small sampling caused by the large crystallite size. We verified this by obtaining a different set of Cu 2 O peaks upon rotation of a sample. There are additional peaks attributed to CuO phase observed in samples annealed at 600 and 900°C, as well as two unindexed peaks that most closely match the metastable phase Cu 4 O 3 rather than the other phases of the Cu-O binary system.
C. Postoxidation Nitrogen Anneal
Laue images reveal that each sample in the series of annealing temperatures shows sharply resolved spots indicative of large monocrystalline material. Although there is no observed trend in grain size distribution between annealing conditions, the sample annealed at 700°C appears to have a slightly diminished crystal size. Some of the spots observed in the samples exhibit an encompassing halo suggesting strain in some zones. The strain effect is observed in all annealed samples with the exception of the sample annealed at 900°C. To gain information on grain size, Laue images of a representative sample were taken at 1-mm intervals. The resulting images reveal that the crystal orientation remains the same over a range of ∼ 3 mm. It is, therefore, concluded that the visible structures are in fact grain boundaries and that the smaller structures are likely artifacts of grain growth that occur during oxidation.
Subsequent NIC images show no contrast changes in the dark-red material on the length scale of each grain. This characteristic is observed over the full area of each sample, indicating a spatially invariant dielectric constant in the material. The above result provides evidence of a pure phase throughout the bulk of the material and is observed for samples annealed at each temperature used in this study. Optical observations of the material further suggest that these grains are Cu 2 O based on the color of light transmitted by Cu 2 O (E g = 2.0 eV), as opposed to CuO (E g = 1.4 eV) [12] . Dark spots are also visible via NIC on all of the samples. These inhomogeneities collectively account for 2% to 4% of a typical sample area. Fig. 4 shows the Cu-2p 1/2 peak from XPS measurements for each T anneal value. There does not appear to be a strong correlation between the Cu 2+ /Cu 1+ peak intensity ratio and the annealing temperature. The lowest peak intensity ratio of 0.13 was measured for the 600°C sample, while the highest ratio was observed for the 800°C sample with a value of 0.26. Intersample variation does not follow any direct trend and is thus likely due to variations in quenching time or the uncertainty in the XPS measurements. Formation of of these inhomogeneities is attributed to exposure to ambient air conditions after removal from the furnace. The amount of CuO is not assumed to greatly impact device fabrication and performance as the surface CuO may be reduced to Cu 2 O during subsequent fabrication steps [10] . For the highest levels of CuO coverage, a thickness of less than 10Å can be deduced in the limit that the CuO is manifest in a uniform layer at the surface. This level of coverage is too small to be observed in XRD measurments.
The phase information gained from the above methods provides strong evidence that the samples primarily consist of the Cu 2 O phase. The XRD analysis suggests that the artifacts attributed to CuO are relatively small domains that may be manifested within the grain boundaries or as inclusions in the bulk crystal. It is possible that bulk inclusions of CuO may account for the dark spots in the NIC images. Attribution of these spots to a particular defect is thus far inconclusive. Fig. 5 shows the μ-PCD curves from which effective lifetimes were measured. Two characteristic decay constants can be abstracted from the curves of each sample. The initial curve is characterized by time constants of 10-100 ns, while those of the later secondary curve exhibit time constants in the microsecond regime. For as-grown samples, the secondary time constant is measured as 1.03 μs. By adding an annealing and quenching step at temperatures of 500°C and above, we observe a factor of 6 increase in these effective lifetimes. The highest observed value of this lifetime was 8.3 μs, which corresponded to the foil annealed at 800°C. The deviation of this data point from the trend suggests that this may be an outlier. It is thus apparent that two modes of effective lifetime exist in the foils. The relationship between the lifetime observed from the shallower part of the curve and T anneal is shown in Fig. 6(d) . As grown foils clearly display a different characteristic photoconductivity decay time as films subject to a secondary N 2 anneal. The mechanism behind the increase in effective lifetime upon annealing is undetermined from this study. A study performed on foils grown by a similar method and that show similar properties has observed PPC decays with time scales on the order of days [6] . As the lifetimes extracted from μ-PCD are much shorter than the previously reported PPC time scales, the authors suspect that other mechanisms are at play. However, PPC cannot be ruled out as many factors affect the time scales involved of the phenomenon. Further study into this area is needed for a conclusive mechanism to be determined.
The hole concentration as a function of annealing temperature is shown in Fig. 6(c) . An increase in carrier concentration from (1.2 ± 0.001) × 10 12 to (2.5 ± 0.001) × 10 13 cm −3 was achieved by adding an anneal of 500°C after the primary anneal. Samples annealed at 600 and 700°C displayed similar hole densities as the lowest temperature anneal. For T anneal values above 700°C, hole concentrations increase and are nearly two orders of magnitude higher (∼ 10 15 cm −3 ) for the 900°C conditions. The observed overall increase in carrier density with increased annealing temperature is consistent with expectations from the literature. However, the plateau in carrier density between 500 and 700°C is unexpected and may be attributed to compensation from donor-like defects. Further investigation into this matter is required. Achieving a resistivity as low as ∼100 Ω·cm is critical for achieving high fill factors in thick Cu 2 O devices; for a 100-μm Cu 2 O layer, this corresponds to a series resistance of 1 Ω·cm 2 . A resistivity in the range of 10 3 -10 4 Ω·cm would result in a series resistance of 10-100 Ω·cm 2 , significantly reducing device fill factor and efficiency. Because minority carrier lifetime is crucial to solar cell performance, more research is necessary to determine how it is affected by the carrier density increase.
IV. CONCLUSION
We have reported oxidized Cu 2 O foils with promising properties for photovoltaic applications. A method of controlling carrier densities between 10 13 and 10 15 cm −3 is demonstrated via the application of postgrowth annealing in a nitrogen ambient. We measure a monotonic decrease in majority carrier mobility with annealing temperatures greater than 700°C that corresponds to a similar increase in majority carrier density. We report a Cu 2 O foil resistivity as low as 120 Ω·cm, which is an order of magnitude below the 10 3 Ω·cm value reported for the highest efficiency foil-based cell [13] . Furthermore, we observe two modes of an effective microsecond-scale lifetime as measured by μ-PCD that is characterized by a discrete increase upon annealing in a nitrogen ambient. The increased understanding of the Cu 2 O parameter space can prove to be a major asset in the fabrication of solar cells.
